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(57) ABSTRACT

The present disclosure relates to a method to determine the
phase of a signal when transmitter and receiver circuits use
separate clocks. A discrepancy between the separate clocks is
determined, as is a correction factor between the separate
clocks. The phase is determined using a measured time of
arrival of the signal, the determined discrepancy, and the
determined correction factor. A drift factor and an expected
start time of a pulse sequence may be used to determine the
discrepancy. A start time of a pulse within the pulse sequence
is determined and used to determine the correction factor. The
method works by either absolute synchronization of the sepa-
rate clocks, or by making the measurements independent of
clock synchronization.
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1
MEASURING THE PHASE OF RECEIVED
SIGNALS

CROSS-REFERENCE TO OTHER
APPLICATIONS

This application is a continuation of U.S. patent applica-
tion Ser. No. 13/266,988 filed Oct. 28, 2011, now abandoned,
and entitled, “Measuring the Phase of Received Signals,”
which was filed under 25 U.S.C. §371 from international
application number PCT/US2010/32606, having an interna-
tional filing date of Apr. 27, 2010, now expired, and entitled,
“Measuring the Phase of received Signals,” which claims
priority to and the benefit of U.S. Provisional Application No.
61/173,382, filed Apr. 28, 2009.

BACKGROUND

1. Technical Field

The present disclosure relates generally to the logging of
subsurface formations surrounding a wellbore using a down-
hole logging tool, and particularly to making measurements
with a modular logging tool while drilling, and using those
measurements to infer one or more formation properties.

2. Background Art

Logging tools have long been used in wellbores to make,
for example, formation evaluation measurements to infer
properties of the formations surrounding the borehole and the
fluids in the formations. Common logging tools include elec-
tromagnetic tools, nuclear tools, and nuclear magnetic reso-
nance (NMR) tools, though various other tool types are also
used.

Early logging tools were run into a wellbore on a wireline
cable, after the wellbore had been drilled. Modern versions of
such wireline tools are still used extensively. However, the
need for information while drilling the borehole gave rise to
measurement-while-drilling (MWD) tools and logging-
while-drilling (LWD) tools. MWD tools typically provide
drilling parameter information such as weight on the bit,
torque, temperature, pressure, direction, and inclination.
LWD tools typically provide formation evaluation measure-
ments such as resistivity, porosity, and NMR distributions
(e.g., T1 and T2). MWD and LWD tools often have compo-
nents common to wireline tools (e.g., transmitting and receiv-
ing antennas), but MWD and LWD tools must be constructed
to not only endure but to operate in the harsh environment of
drilling.

Electromagnetic (EM) wave propagation in a medium is
characterized by the magnetic permeability of the medium (i)
and the complex dielectric permittivity (€*) given by,

" . T ()

@

€, and p" are the permittivity and permeability of the medium
relative to their corresponding values in free space (€,=8.8
107'2, and p,=1/(4m 1077)), o is the angular frequency, and o
is the conductivity. Those parameters affect the wave vectork,
given by,
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where c, the speed of light in vacuum, is given by,
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Most rocks of interest are non-magnetic and therefore p,.
equals one. An EM measurement from a resistivity logging
tool is related to k, which in turn is related to €, and o. The
real and imaginary parts of €* have different frequency
dependencies. For example, the conductivity is typically con-
stant until the frequency is above about 1 MHz, after which it
increases slowly. The permittivity of rocks, on the other hand
is very large (e.g., ~10) at sub-Hz frequencies, and decreases
as the frequency increases, but eventually flattens out at fre-
quencies around a GHz. The frequency dependence of per-
mittivity is 1/f for frequencies up to approximately 10* Hz,
but between 10* and 10® Hz, it varies as 1/(f*), where o is
approximately 0.3. Since the imaginary part of €* has an
explicit 1/f dependence, the imaginary part dominates at low
frequency and the real part dominates at high frequencies.

Most prior art low frequency resistivity tools have concen-
trated on the conductivity term of the complex permittivity
and ignored the real part (which is known as the dielectric
constant). As such, those tools only measure the amplitude of
the received signal, which is sufficient to solve for the con-
ductivity. However, if the phase of the received signal is also
measured, one can additionally solve for the real and imagi-
nary part of the complex permittivity. There is increasingly
more interest in the dielectric constant since it contains infor-
mation on the micro-geometry of the rock matrix.

Physics-based models explaining the frequency depen-
dence of permittivity (and specifically the dielectric constant)
attribute the variation with frequency to three effects, each of
which operates in a particular frequency range. At high fre-
quencies, where the permittivity is essentially frequency
independent, the permittivity of the rock, which is a mixture
of the solid matrix, water, and hydrocarbons, can be calcu-
lated using the “complex refractive index method” (CRIM),
shown by Equation (5) below,

VEF o= (1-OVE i Sovaier WV E e (1= Siarer )
Chydrocarbon®

®
This is a simple volumetric average of the refractive index
(that is, the square root of the permittivity ) of the components.
Any slight frequency dependence in this range is the result of
the frequency dependence of the water permittivity.

The intermediate range, where the permittivity varies as the
(=) power of frequency, is attributed to the geometrical
shape of the rock grains. The insulating grains, surrounded by
conductive water, form local capacitors that respond to the
applied electric field. The permittivity in this range has been
described by several models, one of which, for a fully water-
filled rock, is given by,

©

* * L
6= ( Erock ~ Ematrix ]( Ewarer]
===

Exvater — Ematrix I\ Erock

where L is the depolarizing factor describing the average
grain shape. For example, L is %5 for spherical grains, and it
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deviates for more realistic, spheroidal grain shapes, though it
remains between 0 and 1. This equation can be easily modi-
fied to include partial water saturation and the effect of hydro-
carbons on the measured complex permittivity. As mentioned
above, the intermediate frequency range starts at approxi-
mately 100 kHz, which is the operating frequency of most
propagation and induction tools, so this expression is very
applicable to the measurements from these tools and leads to
a complex permittivity of water from which water salinity can
be determined. The expression also provides a measure of
grain shape that has further application.

At frequencies below 100 kHz, the permittivity has a 1/f
dependence. This is attributed to the double layer effects
caused by surface charges on the surfaces of the rock grains.
The surfaces of the rock grains are charged either by the
nature of the minerals at the surface, or, more importantly, by
the varying amounts of clay mineral at the surface. These
minerals have surface charges in contact with a cloud of
oppositely charged counter-ions, forming an ionic double
layer. The counter-ions respond to the applied electric field
and cause a large permittivity. The permittivity in this fre-
quency range is a clay indicator and can be used to estimate
the clay concentration or cation-exchange capacity (CEC).
Thus, any resistivity tool that measures the amplitude and
phase of the received signal below 100 kHz can determine the
conductivity and permittivity of the rock and can provide an
estimate of the shale content. In addition to shale estimation,
phase measurement may be used to determine a phase con-
ductivity in addition to the traditionally measured amplitude
conductivity. It has been shown that those two responses have
different depths of investigations, and their combination pro-
vides a very good bed boundary indicator.

SUMMARY

The present disclosure relates to a method to determine the
phase of a signal when transmitter and receiver circuits use
separate clocks. A discrepancy between the separate clocks is
determined, as is a correction factor between the separate
clocks. The phase is determined using a measured time of
arrival of the signal, the determined discrepancy, and the
determined correction factor. A drift factor and an expected
start time of a pulse sequence may be used to determine the
discrepancy. A start time of a pulse within the pulse sequence
is determined and used to determine the correction factor. The
method works by either absolute synchronization of the sepa-
rate clocks, or by making the measurements independent of
clock synchronization.

Other aspects and advantages will become apparent from
the following description and the attached claims.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 illustrates an exemplary well site system.

FIG. 2 shows a prior art electromagnetic logging tool.

FIG. 3 is a schematic drawing of a typical modular resis-
tivity tool with exemplary transmitter and receiver spacings,
in accordance with one embodiment in the present disclosure.

FIG. 4 shows an exemplary sequence with three frequen-
cies, different pulse widths, and time between pulses, in
accordance with one embodiment in the present disclosure.

FIG. 5 illustrates various specific times and time intervals
and how they relate to one another, in accordance with one
embodiment in the present disclosure.

FIG. 6 illustrates how to synchronize the subs with the
master clock, in accordance with one embodiment in the
present disclosure.
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FIG. 7 shows a simulated received pulse after it has been
transmitted through a formation, in accordance with one
embodiment in the present disclosure.

FIG. 8 shows the result of coarse processing when the pulse
of FIG. 7 is match filtered.

FIG. 9 shows a coarse processing flow beginning with an
incoming signal and resulting in a phase independent ampli-
tude output, in accordance with one embodiment in the
present disclosure.

FIG. 10 is a flowchart showing the steps taken in a specific
embodiment, in accordance with the present disclosure.

FIG. 11 schematically represents a first implementation
method of'a device, in accordance with the present disclosure.

DETAILED DESCRIPTION

Some embodiments will now be described with reference
to the figures. Like elements in the various figures will be
referenced with like numbers for consistency. In the follow-
ing description, numerous details are set forth to provide an
understanding of various embodiments and/or features. How-
ever, it will be understood by those skilled in the art that some
embodiments may be practiced without many of these details
and that numerous variations or modifications from the
described embodiments are possible. As used here, the terms
“above” and “below”, “up” and “down”, “upper” and
“lower”, “upwardly” and “downwardly”, and other like terms
indicating relative positions above or below a given point or
element are used in this description to more clearly describe
certain embodiments. However, when applied to equipment
and methods for use in wells that are deviated or horizontal,
such terms may refer to a left to right, right to left, or diagonal
relationship as appropriate.

FIG. 1 illustrates a well site system in which various
embodiments can be employed. The well site can be onshore
oroffshore. In this exemplary system, a borehole 11 is formed
in subsurface formations by rotary drilling in a manner that is
well known. Some embodiments can also use directional
drilling, as will be described hereinafter.

A drill string 12 is suspended within the borehole 11 and
has a bottom hole assembly 100 which includes a drill bit 105
at its lower end. The surface system includes platform and
derrick assembly 10 positioned over the borehole 11, the
assembly 10 including a rotary table 16, kelly 17, hook 18 and
rotary swivel 19. The drill string 12 is rotated by the rotary
table 16, energized by means not shown, which engages the
kelly 17 at the upper end of the drill string. The drill string 12
is suspended from a hook 18, attached to a traveling block
(also not shown), through the kelly 17 and a rotary swivel 19
which permits rotation of the drill string relative to the hook.
As is well known, a top drive system could alternatively be
used.

In the example of this embodiment, the surface system
further includes drilling fluid or mud 26 stored in a pit 27
formed at the well site. A pump 29 delivers the drilling fluid
26 to the interior of the drill string 12 via a port in the swivel
19, causing the drilling fluid to flow downwardly through the
drill string 12 as indicated by the directional arrow 8. The
drilling fluid exits the drill string 12 via ports in the drill bit
105, and then circulates upwardly through the annulus region
between the outside of the drill string and the wall of the
borehole, as indicated by the directional arrows 9. In this well
known manner, the drilling fluid lubricates the drill bit 105
and carries formation cuttings up to the surface as it is
returned to the pit 27 for recirculation.

The bottom hole assembly 100 of the illustrated embodi-
ment includes a logging-while-drilling (LWD) module 120, a
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measuring-while-drilling (MWD) module 130, a roto-steer-
able system and motor, and drill bit 105.

The LWD module 120 is housed in a special type of drill
collar, as is known in the art, and can contain one or a plurality
of known types of logging tools. It will also be understood
that more than one LWD and/or MWD module can be
employed, e.g. as represented at 120A. (References, through-
out, to a module at the position of 120 can alternatively mean
a module at the position of 120A as well.) The LWD module
includes capabilities for measuring, processing, and storing
information, as well as for communicating with the surface
equipment. In the present embodiment, the LWD module
includes a resistivity measuring device.

The MWD module 130 is also housed in a special type of
drill collar, as is known in the art, and can contain one or more
devices for measuring characteristics of the drill string and
drill bit. The MWD tool further includes an apparatus (not
shown) for generating electrical power to the downhole sys-
tem. This may typically include a mud turbine generator
powered by the flow of the drilling fluid, it being understood
that other power and/or battery systems may be employed. In
the present embodiment, the MWD module includes one or
more of the following types of measuring devices: a weight-
on-bit measuring device, a torque measuring device, a vibra-
tion measuring device, a shock measuring device, a stick/slip
measuring device, a direction measuring device, and an incli-
nation measuring device.

An example of a tool which can be the LWD tool 120, or
can be a part of an LWD tool suite 120A of the system and
method hereof, is the dual resistivity LWD tool disclosed in
U.S. Pat. No. 4,899,112 and entitled “Well Logging Appara-
tus And Method For Determining formation Resistivity At A
Shallow And A Deep Depth,” incorporated herein by refer-
ence. As seen in FIG. 2, upper and lower transmitting anten-
nas, T, and T,, have upper and lower receiving antennas, R,
and R, therebetween. The antennas are formed in recesses in
a modified drill collar and mounted in insulating material.
The phase shift of electromagnetic energy as between the
receivers provides an indication of formation resistivity at a
relatively shallow depth of investigation, and the attenuation
of electromagnetic energy as between the receivers provides
an indication of formation resistivity at a relatively deep depth
of investigation. The above-referenced U.S. Pat. No. 4,899,
112 can be referred to for further details. In operation, attenu-
ation-representative signals and phase-representative signals
are coupled to a processor, an output of which is coupleable to
a telemetry circuit.

Recent electromagnetic logging tools use one or more
tilted or transverse antennas, with or without axial antennas.
Those antennas may be transmitters or receivers. A tilted
antenna is one whose dipole moment is neither parallel nor
perpendicular to the longitudinal axis of the tool. A transverse
antenna is one whose dipole moment is perpendicular to the
longitudinal axis of the tool, and an axial antenna is one
whose dipole moment is parallel to the longitudinal axis of the
tool. Two antennas are said to have equal angles if their dipole
moment vectors intersect the tool’s longitudinal axis at the
same angle. For example, two tilted antennas have the same
tilt angle if their dipole moment vectors, having their tails
conceptually fixed to a point on the tool’s longitudinal axis,
lie on the surface of'a right circular cone centered on the tool’s
longitudinal axis and having its vertex at that reference point.
Transverse antennas obviously have equal angles of 90
degrees, and that is true regardless of their azimuthal orien-
tations relative to the tool.

The phase of a received signal wherein the transmitter and
receiver circuits use their own separate clocks can be mea-
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sured either by absolute synchronization of the two clocks, or
by making the measurements independent of the clock syn-
chronization.

Conventional resistivity tools use a single clock in the tool
to sample and record the time when the transmitter antenna is
energized and when the associated wave is received by the
receiver antenna. Since the time interval between the trans-
mitting and receiving event is the parameter of interest, the
clock does not have to be synchronized with any other clock.
The measurement is a time difference measurement and, as
such, so long as the clock does not drift during the time period
when these two events take place, there is no error due to
clock discrepancy.

Modular resistivity tools have been proposed wherein dif-
ferent antennas are located in different modules. These mod-
ules can be placed at different places within a bottomhole
assembly (BHA), creating a desired transmitter-receiver
(T-R) spacing and radial depth of investigation. Other LWD
or MWD tools can occupy the space between the modules so
that the space is not wasted. FIG. 3 shows an exemplary BHA
containing a modular resistivity tool.

Specifically, FIG. 3 shows an arrangement of three mod-
ules in a BHA. The BHA contains a drill bit, followed by a
rotary steerable sub that makes directional drilling possible.
In this example, the first sub (PERISCOPE tool) is located
immediately above the rotary steerable sub, but in general the
locations of different modules can be different from one BHA
to another. To create space between the first module and the
second (Transmitter #2), an MWD sub has been used. The
MWD sub serves as a spacer but also performs its own func-
tions. If the desired distance between the modules can not be
filled with an existing LWD tool, sections of drill pipe with no
particular functionality can be used to achieve the desired
distance. The length of BHA between the second module and
the third module (Transmitter #1) is filled using an LWD
sonic sub in this example. Thus, the resistivity tool in this
example is made up of three modules separated by two LWD
tools. The tool is located above the rotary steerable sub as
shown in FIG. 3. With separate modules it is possible to
choose different T-R spacing and thus different radial depths
of investigations.

Since each module preferably has its own clock, the modu-
lar tool design introduces the clock synchronization and drift
problems. The transmitter (TX) module and receiver (RX)
module work independently, and the time of the transmitting
and receiving events is usually measured by two different
clocks. Although these clocks can be set to be equal before
sending the tool into the borehole, the clocks have intrinsi-
cally different rates, and if left alone, the clocks will not
measure the same time at a later point. In addition, downhole
temperature changes can affect these clocks differently, and,
since certain modules may be separated by, say, 100 ft from
other modules, the clocks in the separate modules may be
exposed to different local temperatures, causing another
source of error.

Consider two different electronic circuits, one using a
clock that we shall call “master”, M, and the other using a
different clock called “local”, L. “M” or “L”” may also be used
herein to indicate or include the respective circuitry associ-
ated with the master clock, M, or local clock, L. In general,
there may be multiple modules operating, and synchroniza-
tion is generally needed between all modules involved in a
measurement. In the embodiments described below, only two
modules are used, but the method is easily extendable to as
many modules as desired.

For simplicity, assume the clock in the receiver circuit is
the master, though it does not matter whether the RX or TX
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clock is designated as the master clock. Further consider a
sequence of transmission events from the transmitter antenna.
This sequence may be a preset list of pulses transmitted by the
TX antenna into the formation, the sequence may have pulses
of different frequency and duration, and the time between
pulses may be different. An exemplary sequence for an EM
logging tool is shown in FIG. 4. The transmitter may be
programmed to transmit a sequence such as one shown in
FIG. 4 in a repetitious fashion.

One implementation to correct the clock drift works by M
sending a synchronizing pulse to start an initiating cycle. This
signal is typically sent along a conductive pathway through
the BHA that serves as a communication link, often referred
to as a “bus”. As the bus length increases, for example, with
increased module spacing, the variation in the time of propa-
gation of the synchronizing signal may become non-negli-
gible. This variation in propagation time must be taken into
account to make accurate phase measurements.

An alternative way to send the synchronizing signal is as a
transmitted wave passing through the formation. This
involves, for example, transmitting various signals at a given
frequency for some desired time. Alternatively, some of the
pulses used for sampling the formation can be used as syn-
chronization pulses. However, the formation signal propaga-
tion time can vary and that variation must be accounted for or
minimized. The effect of the formation on the propagation
time is typically less than 100 ns, and if the separation
between synchronization pulses is chosen to be on the order
of seconds, the effect of the formation variation will be neg-
ligible. Thus, the clock frequency correction estimate can be
made arbitrarily better by increasing the time between
observed synchronization signals. The particular amount of
time depends on the acceptable tolerance. A local clock mea-
sures the time difference between the transmitted signals and
uses a priori knowledge of the timing between those trans-
missions (i.e., transmission sequence timing) to compute a
correction factor that is accurate to within the propagation
uncertainty over the interval between the received signals.
Uncertainty in the formation signal propagation time is due in
part to changes along the wellbore (i.e., measured depth) and
changes around the wellbore (i.e., tool rotation angle). The
uncertainty caused by rotation can be reduced by limiting
consideration to only those signals that are acquired at the
same, or nearly the same, tool rotation angle. Comparing the
elapsed time between like-positioned samples measured by
the local clock with the interval time between the samples
according to the transmission sequence timing allows a clock
frequency correction to be computed.

For the present invention, either method of sending the
synchronizing pulse or signal may be used. The time between
two adjacent synchronization pulses as measured by M, for
example, is (T*,, -T*,_) and can be as short as the duration of
one sequence, but typically is longer than the duration of a
few sequences (see FIG. 5). Note that we use a superscript to
specify which clock has made the measurement. The syn-
chronizing pulses are measured by both the M and L clocks.
In each case the measurement is made by the clock in the
measuring circuit. Once M measures T*,, it broadcasts that
value and L receives that information. L proceeds to calculate
AMM=TM _T™ _ using the information provided, and also
calculates AL” from its own measurements of the same two
pulses. If one clock is faster than the other, AM™ and AL* will
be different and the correction factor, K,,,,,, will be different
from zero,
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ALF @

K —_—
AMM

ppb = 1=

Note that K,,,, depends on the time difference between
synchronizing pulses and is independent of the absolute time
reading of either clock. Also, K, is greater than zero if L is
slower than M. L also calculates the expected times for start-
ing the next sequence by the two clocks, namely T, * and T,
as shown schematically in FIG. 5. Those values relative to the
synchronization pulse will be,

TSLiL:TSiL_ TiL and

®
T, SLiM: T, SiM_ TiM' ©)]

More detailed description of how those quantities are cal-
culated is described below. For simplicity, clock drifts are
assumed to be close to constant between synchronization
pulses, which allows for easy derivations. Nonetheless, if
necessary, more advance filtering can be implemented
through the use of past time differences of synchronization
pulses. In the next step, the start sequence time measured by
L is calculated with respect to M,

74, (10)

l—Kppb.

Mo _
TSL[ =

Having start sequence times for both clocks relative to M,
they can be subtracted to calculate the discrepancy between
the two clocks relative to M,

M _ M. M
A iiTSMi _TSLi .

(1n
This error accounts for the lack of synchronization between
the two clocks and L sends this value to M. At this point, M
canuse K, as calculated before, or preferably, M may inter-
polate an updated value for K, , using information from the
previous cycle,

@ -alp 12

T -t )@l -aly

Kppp =

The starting time of one of the pulses within the sequence
relative to the start time of the sequence is T,. This parameter,
if measured by L and transformed in reference to M, is,

T} a3

LM _
Tp" =1—%¢

ppb

The difference as calculated below is the correction for a
pulse within the sequence,

ATM=TM-(TFM. 14)

Having this correction, one may calculate the phase by,

O=[(Toa™+ATHM+AM)%(1/))2af (15)

where we use the “%” notation for the modulo or modulus
operator, and Toa™ is the measured time of arrival, as mea-
sured by M.

The acquisition sequence of each sub has to be synchro-
nized to avoid any potential conflict. All subs have to syn-
chronize with the master clock. A local clock may drift
slightly relative to the master clock, however, it should be



US 9,182,747 B2

9

readjusted once the drift exceeds a prescribed threshold.
Every timing signal provides the actual clock difference
between the master clock and the local clock. Let T/ and T
be the TOA of a timing signal, 1, in local clock and master
clock, respectively. We can establish a “tie” point as shown in
FIG. 6. At the particular instant of a tie point, the local clock
and the master clock are synchronized. After power up, the
first timing signal exchange leads to the measurement of T,
and T, %, and adjusting the local clock by (T, *-T, %) estab-
lishes the first tie point, Tie_ 0. Note the clock adjustment
may not be an actual hardware adjustment, but rather can be
a correction factor that is computed and used in subsequent
calculations.

Using the tie point, we can calculate the difference between
the master clock and the local clock for any subsequent timing
signal by referencing to the tie point,

AT M~(TE- 1), 16)

For small values of A,, no correction is needed, but as these
clock discrepancies increase, a new clock correction is
needed. Whether a correction is needed is decided by com-
paring A; with a preset value A, ;051014 Where the latter is
decided by the user based on the frequency of operation and
the width of the excitation and receiver windows. This param-
eter should be long enough to minimize the number of clock
adjustments, yet short enough that the signal falls within the
receiver acquisition window. Let A, , be the required local
clock adjustment at each timing signal exchange. Then,

if Ay < =Augi threshold>  Dadj_i = —Dadj_threshold a7

elseif A;j > Dagj thresholds  Dadj_i = Dadj_threshold -

otherwise, Aggj i =0

After a clock adjustment is made, we have a new tie point.
Let D, be the actual amount of adjustment needed by a local
clock to stay in sync with the master clock at each timing
signal exchange. D, is calculated by,

Di=D; 1 +Auy

if D20, D=DATCT,

if D;<0, D=TCT g (-DATCT ) (18)

where TCT,,,,.,, is the duration of one complete TCT (tool
control table) acquisition cycle. Then, we can calculate the
next acquisition sequence starting time by,

T =~(T4DATCT )~ (LD A TC T )

HTCT gD (19)

In normal operations, the transmitter pulses are sent as a
sequence with a preset pulse width T (typically 10 ms). The
receiver uses a longer receiver sampling window, T+AT,
(typically 20 ms), to capture the signal as it arrives at the
receiver antenna. The measurements are performed by trans-
mitting a series of sequential, multi-frequency, single-tone
pulses. For each pulse received, the pulse amplitude and time
of arrival (TOA) are determined using a matched filter tech-
nique. The time of arrival with respect to an arbitrary time
reference in the receiver is converted to a phase measurement.
The amplitude and phase can be further processed.

In ideal conditions (i.e., when the clocks in the two mod-
ules are perfectly synchronized), the receiver sampling win-
dow is centered over the received signal. In practice, with
transmitter/receiver synchronization to within A, esnon
each received 10 ms pulse is acquired through a 20 ms win-
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dow, and is over-sampled before being transferred to memory.
By over-sampling, the receiver analog electronics is kept to a
minimum (pre-amplifying section plus a low pass anti-alias-
ing filter), and the measurement processing is then fully digi-
tal, allowing flexibility in algorithm development and imple-
mentation. FIG. 7 shows a simulated received pulse after it
has been transmitted through a formation. This is a pure tone
carrier modulated by a square window. Other pulses with
wider bandwidth can be also used, such as a pure tone con-
volved with a pseudorandom number (PN) sequence in order
to be more resilient to coherent noise.

When the pulse of FIG. 7 is match filtered, the signal of
FIG. 8 is obtained. As FIG. 8 shows, noise measurement may
be performed immediately after pulse acquisition. The signal
of FIG. 8 is the result of coarse processing, which is described
below. Once the pulse waveform is acquired, cross-correla-
tions with sliding 10 ms sine and cosine reference arrays are
applied to the received signal to determine the amplitude and
TOA to within the sampling time accuracy (coarse process-
ing). Application of a matched filter provides the best signal-
to-noise ratio (SNR). The processing diagram with the for-
mulas used is shown in FIG. 9. The result from processing a
simulated square window 100 kHz pulse is a typical demodu-
lation triangle. For coarse processing, nominal carrier fre-
quencies are preferably chosen so that the reference cosine
and sine functions can be stored in tables of minimum size.
Another broadband synchronization pulse would give a
sharper cross-correlation and could enhance the coarse esti-
mation.

Once a coarse estimation has been made, an accurate deter-
mination of the TOA and amplitude may be performed using
an accurate measurement of the clock discrepancy factor. The
processing is similar to the coarse processing except that now
a time-reversed signal corresponding to a matched filter is
moved at the carrier frequency as seen by the receiver. The
received signal will be seen as a signal with a shifted carrier
frequency, as is evident from the formula below (correspond-
ing to a square window modulated sine wave), with ® taken as
the offset of the pulse waveform within one sampling time
difference,

. 20
x‘-:A-sin(z-n?-(1+1<ppm-10*6)-k+<1>]+1v‘-. @0

The fine TOA is estimated by first applying a Blackman
(tapered) window around the received signal to remove the
edge effect. The processing will then filter the synchroniza-
tion signal with the analytic representation of the impulse
response of the matched filter. For the case of the square
window modulated with a sine wave, that will be a sine and
cosine. The optimum location of the peak maximum is esti-
mated to within one sampling time. At the maximum, the
optimum TOA with accuracy better than the sampling time is
obtained using,

TOA _((I)) 1 210
Fre =2 Fo (L + K - 10°9)
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-continued
N (22)
Z X, -cos(w k)
tan(®) = k;; and
2 Xy -sin(w-k)
k=1
w=2-7- ? (1 + Kppm - 107%).

FIG. 10 shows steps in an exemplary embodiment to deter-
mine the phase of a signal when transmitter and receiver
circuits use separate clocks. The steps comprise determining
a drift factor between a master clock, measuring relative to a
master clock reference frame, and a local clock, measuring
relative to a local clock reference frame (step 500); determin-
ing an expected start time of a pulse sequence by the master
clock, relative to the master clock reference frame, and by the
local clock, relative to the local clock reference frame (step
502); transforming the expected start time of the pulse
sequence determined relative to the local clock reference
frame to the master clock reference frame using the drift
factor (step 504); determining a discrepancy between the
master clock and the local clock using the expected start time
of'the pulse sequence determined by the master clock and the
transformed expected start time of the pulse sequence from
the local clock (step 506); determining a start time of a pulse
within the pulse sequence by the master clock, relative to the
master clock reference frame, and by the local clock, relative
to the local clock reference frame (step 508); transforming the
start time of the pulse determined relative to the local clock
reference frame to the master clock reference frame using the
drift factor (step 510); determining a correction factor
between the master clock and the local clock using the start
time of the pulse determined by the master clock and the
transformed start time of the pulse from the local clock (step
512); and determining the phase using an expected time of
arrival of the signal relative to the master clock reference
frame, the determined discrepancy, and the determined cor-
rection factor (step 514).

FIG. 11 shows a local terminal 605 equipped with a printer
610, a means of capturing physical quantities 635, and a
means of access 615 to a network 620 to which a server 625
is connected. The server 625 may be furnished with a data-
base 630.

The local terminal 605 is, for example, a commonly used
computer. The means of access 615 to the network 620 is, for
example, a modem of a known type permitting access to the
network 620, for example the internet. The server 625 is of a
known type. The terminal 605 contains software that, when
run, implements the steps in the process according to this
disclosure. Alternatively, the terminal 605 does not contain
specific software but implements a web browser and a web
service contained in the server 625.

The terminal 605 may comprise a microprocessor 640 and
memory unit 645 containing an operating system 650 and
application software 655 containing instructions to imple-
ment the process according to this disclosure. Further, in a
known manner, the local terminal 605 is equipped with a
display screen 660 and means of control 665, for example, a
keyboard and a mouse.

The use of two or more tools within a bottomhole assembly
may require a coordination of operations to either prevent or
assure simultaneous operations. For example, it may be
desired that one tool be operated some desired time after the
onset or completion of operations by another tool. That is, a
function onset time (meaning, broadly, some particular phase
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of the operation, e.g., onset, end, peak transmission, etc.) for
one tool may be specified relative to a function onset time of
another tool. Other delay schemes are also possible. For
simultaneous operations, the delay is set to zero or the func-
tion onset times are equal. Getting the tools to operate with
the desired temporal spacing can be problematic if the tools
use separate clocks. However, by determining the discrep-
ancy and the correction factor between the separate clocks, as
described above, the desired function onset time can be
adjusted using the determined discrepancy and the deter-
mined correction factor. The adjusted function onset time can
then be used to coordinate the operations of the tools.

It should be appreciated that while the invention has been
described with respect to a limited number of embodiments,
those skilled in the art, having benefit of this disclosure, will
appreciate that other embodiments can be devised which do
not depart from the scope of the invention as disclosed herein.
Accordingly, the scope of the invention should be limited
only by the attached claims.

What is claimed is:

1. A method to determine a phase of a signal with trans-
mitter and receiver modules each having circuits that use
separate clocks comprising:

disposing the transmitter and the receiver modules into a

borehole in a subsurface formation;

sending a synchronizing signal from the transmitter mod-

ule to the receiver module while the transmitter and
receiver modules are in the borehole;
determining a clock difference between the separate clocks
from the synchronizing signal;
performing a hardware adjustment to at least one of the
circuits to adjust at least one of the separate clocks by the
clock difference to synchronize the separate clocks; and

determining the phase with the synchronized separate
clocks;

wherein the determining the clock difference comprises:

determining a drift factor between the separate clocks;

determining expected start times of a synchronizing
pulse sequence relative to each of the separate clocks;
and

determining the clock difference using the determined
expected start times of the synchronizing pulse
sequence and the drift factor;

and wherein determining the expected start time of the

synchronizing pulse sequence comprises:

determining a time of occurrence of a final pulse in the
synchronizing pulse sequence relative to each of the
separate clocks;

determining, for an adjacent, subsequent pulse
sequence, a time of occurrence of a synchronization
pulse of the adjacent, subsequent pulse sequence rela-
tive to each of the separate clocks;

determining the difference between the determined time
of occurrence of the final pulse in the pulse sequence
and the determined time of occurrence of the synchro-
nization pulse of the adjacent, subsequent pulse
sequence relative to each of the separate clocks; and

determining the expected start time using the deter-
mined differences.

2. The method of claim 1, wherein determining the drift
factor comprises:

sending out a first synchronizing pulse from the transmitter

module at a first time and a second synchronizing pulse
from the transmitter module at a second time;
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determining the difference between the second time and
the first time relative to each of the separate clocks; and

determining the drift factor using the determined difter-
ences.

3. The method of claim 1, further comprising interpolating
an updated value for the drift factor using information from
one or more previous cycles.

4. The method of claim 1, wherein determining the drift
factor comprises:

transmitting various signals through the subsurface forma-

tion;

receiving the signals with the receiver module;

measuring arrival times of two or more of the received

signals;
determining a phase difference between two or more of the
received signals using the measured arrival times; and

determining the drift factor using one or more of the deter-
mined phase differences and a known transmission
sequence timing.

5. The method of claim 4, wherein the determining the
phase difference further comprises using the measured arrival
times of only those received signals that are received at sub-
stantially equal tool rotation angles.

6. The method of claim 1, wherein the determining the
clock difference comprises:

determining start times of a pulse of the synchronizing

signal relative to each of the separate clocks; and
determining the clock difference using the determined start
times of the pulse.

7. The method of claim 1, further comprising establishing
a tie point.

8. The method of claim 7, wherein establishing a tie point
comprises:

measuring times of arrival of the synchronizing signal rela-

tive to each of the separate clocks; and

determining the clock difference between the separate

clocks using the measured times of arrival.

9. The method of claim 8, further comprising calculating a
clock difference between the separate clocks for any subse-
quent timing signal by referencing to the tie point.

10. The method of claim 1, further comprising determining
whether the hardware adjustment is to be performed by com-
paring the clock difference to a threshold value.

11. The method of claim 10, further comprising establish-
ing an updated tie point if the hardware adjustment is per-
formed.

12. The method of claim 11, further comprising calculating
anext pulse sequence’s expected start time using the updated
tie point.

13. The method of claim 1, further comprising determining
apulse amplitude and atime of arrival for each pulse in a pulse
sequence of the signal using a matched filter.

14. The method of claim 13, further comprising converting
the determined times of arrival to a phase measurement.

15. The method of claim 13, wherein the determining the
pulse amplitudes and the times of arrival further comprises
applying a cross-correlation to the signal.

16. The method of claim 15, wherein the cross-correlation
is performed using an analytic representation of an impulse
response of the matched filter.
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17. The method of claim 1, further comprising relating the
phase of a low-frequency received signal of the signal to a
shale content of a sample.

18. The method of claim 1, further comprising determining
a conductivity and permittivity of a rock of the subsurface
formation, and measuring a shale content using a determined
amplitude and phase of the signal having a frequency less
than 100 kHz.

19. A downhole logging tool to determine a phase of a
signal with transmitter and receiver modules each having
circuits that use separate clocks, the downhole logging tool
having a non-transitory computer-readable medium having a
set of computer-readable instructions encoded thereon that,
when executed, perform acts comprising:

sending a synchronizing signal from the transmitter mod-

ule to the receiver module while the transmitter and
receiver modules are in a borehole in a subsurface for-
mation;

determining a clock difference between the separate clocks

from the synchronizing signal;
performing a hardware adjustment to at least one of the
circuits to adjust at least one of the separate clocks by the
clock difference to synchronize the separate clocks; and

determining the phase with the synchronized separate
clocks;

wherein the determining the clock difference comprises:

determining start times of a pulse of the synchronizing
signal relative to each of the separate clocks; and

determining the clock difference using the determined
start times of the pulse; and wherein determining the
expected start time of the synchronizing pulse
sequence comprises:

determining a time of occurrence of a final pulse in the
synchronizing pulse sequence relative to each of the
separate clocks;

determining, for an adjacent, subsequent pulse
sequence, a time of occurrence of a synchronization
pulse of the adjacent, subsequent pulse sequence rela-
tive to each of the separate clocks;

determining the difference between the determined time
of occurrence of the final pulse in the pulse sequence
and the determined time of occurrence of the synchro-
nization pulse of the adjacent, subsequent pulse
sequence relative to each of the separate clocks; and

determining the expected start time using the deter-
mined differences.

20. The downhole logging tool of claim 19, wherein the
non-transitory computer-readable medium having the set of
computer-readable instructions, when executed, perform acts
further comprising:

determining whether the hardware adjustment is to be per-

formed by comparing the clock difference to a threshold
value.

21. The downhole logging tool of claim 19, wherein the
non-transitory computer-readable medium having the set of
computer-readable instructions, when executed, perform acts
further comprising:

determining a pulse amplitude and a time of arrival for each

pulse in a pulse sequence of the signal using a matched
filter technique.



